Nocardia pathogenic strains are occasionally found to be resistant to many antibiotics but also have the ability to produce antibiotics, which involve a variety of cytochrome P450 (CYP) enzymes. Nocardia farcinica IFM 10152 contains 27 CYPs, most of which clustered with ferredoxin, ferredoxin reductase or regulatory genes. These CYPs were designated to subfamilies in this study and their genome contexts were detected to predict the possible metabolic functions. In addition, three new subfamilies as well as a conservon clustered with CYPs were revealed. Phylogenetic analysis of CYPs from N. farcinica IFM 10152, together with those from Streptomyces coelicolor A3(2) and Mycobacterium tuberculosis H37Rv were performed to demonstrate the evolution of N. farcinica CYPs. This comparative study will lead to a better understanding of various CYPs in N. farcinica and contribute to its future application in medicine.
INTRODUCTION
Nocardia are filamentous-growing gram-positive soil saprophytes that belong to the family Actinomycetales, which consists of clinically and industrially important genera such as Mycobacterium, Streptomyces, Corynebacterium and Rhodococcus. Many species of Nocardia cause the disease nocardiosis in human's and animals' lung, central nervous system, brain and cutaneous tissues (Ishikawa et al., 2004) . Incidence of Nocardiosis was on the rise recently (Iannotti et al., 2009; Garbino et al., 2010) , whereas few studies were performed on the mechanisms of nocardial virulence. Nocardia species are resistant to many front-line antibiotics including third-generation cephalosporins (Wallace et al., 1990) . Since treatment for nocardiosis relies heavily on chemotherapy, their intrinsic multiple drug resistance is a serious problem (Ishikawa et al., 2004) .
Nocardia farcinica, which was originally isolated by Nocard in 1888 from a case of bovine farcy, is the *Corresponding author. E-mail: mameihuhn@yahoo.com.cn.
classical pathogen in bovine nocardiosis, while cases of human infection with N. farcinica are increasingly being diagnosed (Torres et al., 2000) . In 2004, the genome of N. farcinica strain IFM10152 was completely sequenced. N. farcinica IFM 10152 is a gram positive, filamentous bacterium, and is considered as an opportunistic pathogen. On the other hand, some species of Nocardia, even clinical isolates, have the capability to produce antibiotics (Shigemori et al., 1998; Tanaka et al., 1997) and enzymes that are industrially important (Coco et al., 2001 ) which include aromatic compound-degrading or converting enzymes. This indicates the conceivable existence of a variety of cytochrome P450 (CYP) enzyme which may perform different functions in N. farcinica IFM 10152 genome.
CYP genes encode a superfamily of heme-thiolatecontaining enzymes involved in the initial oxidation of xenobiotics. CYP enzymes are always involved in a vast array of biological processes and catalyze a variety of chemicals by different oxidative mechanisms including activation or inactivation of the substrates (Raucy and Allen, 2001 ). These substrate chemicals comprise of exogenous compounds (drugs, pollutants, pesticides, etc.) and endogenous chemicals (steroids, eicosanoids, etc) . Thus, CYP genes play key roles in many areas. Genome sequencing makes it possible to uncover the remarkable biodiversity of CYP superfamily in and among related strains. Identification and distribution of cytochrome P450 complement (CYPome) in a lot of Actinomycetales stains were widely characterized (Lamb et al., 2002 Parajuli et al., 2004; Roberts et al., 2002; McLean et al., 2006) . In this study, we annotated and characterized the CYPome of N. farcinica IFM 10152. Furthermore, CYP evolution among IFM 10152 and related genomes were discussed to reveal the diversity of IFM 10152 CYPs.
MATERIALS AND METHODS
The N. farcinica IFM 10152 genome database was established and searched using the CYP heme binding domain signature (unusually represented as FXXGXXXCXG, though there are exceptions at all three non-cysteine positions) as reported by Lamb et al. (2003) . The open reading frames (ORFs) containing such motifs were further screened for the presence of a highly conserved threonine in the putative I-helix, which is proposed to be involved in CYP oxygen activation in most CYPs and the conserved EXXR motif present in the K-helix (Nelson et al., 1996) . In order to assign the N. farcinica CYP proteins to subfamilies, the genes containing all three motifs were used as queries for BLAST searches to the GenBank nonredundant protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify their closest homologues. CYPs showing more than 40% amino acid sequence identity were placed in the same family, and CYPs having more than 55% identity were categorized in the same subfamily. New family was assigned for the CYP showing less than 40% similarity to other organisms.
The deduced amino acid sequences of the putative N. farcinica CYPs and the CYPs from Streptomyces coelicolor A3(2) as well as those from Mycobacterium tuberculosis H37Rv were aligned using ClustalX (Chenna et al., 2003) and subjected to phylogenetic analysis by both the maximum parsimony and distance with neighbour-joining methods using MEGA4 (Tamura et al., 2007) .
RESULTS AND DISCUSSION
Detection of CYP genes in the N. farcinica genome data revealed 26 CYPs on the chromosome and one on the plasmid (Table 1) . CYPs contributed to approximately 0.2, 0.5 and 0.4% of all the coding sequences in S. coelicolor A3(2), M. tuberculosis and N. farcinica, respectively. The relatively high diversity of CYPs probably reflects the enriched secondary metabolism pathways in these organisms. The genome search of N. farcinica revealed three new CYP families (nfa56380, nfa34990 and nfa33510) and 24 sequences fit into existing CYP families (Table 1 ). There were three main clusters in a single subfamily: CYP125, CYP154 and CYP156. Among these CYPs, six members (CYP51B1, CYP123A6, CYP125A15, CYP255A3, CYP255A4 and CYP256A2) show more than 70% identity to existing cytochrome P450s of other organisms (Table 1 ). The conserved I-helix, K-helix and heme-binding motif of Qiu et al. 2155 these CYPs are demonstrated in Table 2 . The phylogenetic tree consisting of CYPs from N. farcinica IFM 10152, S. coelicolor A3(2) and M. tuberculosis H37Rv showed that there was no CYP homolog between M. tuberculosis H37Rv and S. coelicolor A3(2) genome and also indicated that N. farcinica CYPs are obviously divided into two clusters of Mycobacterium-like and Streptomyces-like ones ( Figure  1 ). Nine CYPs belonging to four subfamilies (CYP154A, CYP154C, CYP156A and CYP157A) from N. farcinica are present in S. coelicolor A3 (2) branch. Simultaneously, CYPs of three subfamilies (CYP123A, CYP125A and CYP51B1), comprising five CYPs are present in M. tuberculosis H37Rv branch. CYP186, CYP193, CYP255 and CYP256, together with three CYPs presumed to be new CYP families (nfa56380, nfa34990, and nfa33510) were not found in either CYPome of these two genomes.
Cyp51 is considered as the most distributed P450 (Waterman and Lepesheva, 2004) . CYP51B1, named as Cyp51s of bacteria is common in most mycobacteria and lies in a putative operon which consists of linear array of six ORFs, and comprises, in order, a regulator belonging to the TetR family, a CYP of CYP123A subfamily, (homologous to Rv0766c (CYP123) of M. tuberculosis), a probable oxidoreductase, CYP51, a ferredoxin (Fdx), and an ORF of unknown function . This operon appears highly conserved within mycobacteria and was found in M. tuberculosis, Mycobacterium bovis BCG, Mycobacterium paratuberculosis, Mycobacterium vanbaalenii PYR-1, Mycobacterium smegmatis str. MC2 155, Mycobacterium ulcerans Agy99, Mycobacterium sp. MCS, Mycobacterium avium and even in Rhodococcus sp. RHA1 via genome search. CYP51B1 is also found in N. farcinica and shows 81 and 77% identity with the CYP51B1 in Rhodococcus sp. RHA1 and M. tuberculosis H37Rv, respectively (Table 1) . Instead of locating in the operon mentioned above, N. farcinica CYP51B1 is directly followed by a ferredoxin reductase (Fdr) and surprisingly adjacent to mce7A in a divergent transcriptional direction. The mce genes were commonly thought to be related to the pathogenicity in M. tuberculosis (Brahmachari et al., 2003; Haile et al., 2002) , however, N. farcinica mce7A coupled with CYP51B1 is an orphan gene comparative to the mce operon (mce 1-4 A, B, C, D, E, F) in M. tuberculosis H37Rv.
CYP125A15 from N. farcinica shares 72 and 67% identity with CYP125A14P and CYP125A1 of Rhodococcus sp. RHA1 and M. tuberculosis H37Rv, respectively. CYP125A15 is coupled with fadA3 which codes for an acetyl-CoA acetyltransferase related to the lipid metabolism. This couple of genes behaves as conserved DT-pairs classified as XX (Korbel et al., 2004) , which is also found around CYP125A14P, CYP125A1, CYP125A7 and CYP125A2 of Rhodococcus sp. RHA1, M. tuberculosis H37Rv, M. ulcerans Agy99 and Streptomyces avermitilis MA-4680, respectively. Whether these two proteins interact with each other as posttranscriptional regulator mentioned by Korbel et al. (2004) need more experimental evidence. It is noteworthy that CYP125A1 from M. tuberculosis H37Rv is induced during Mtb engulfment in macrophages and are required for Mtb survival in infected mice (Stoker et al., 2004; Schnappinger et al., 2003; Rubin and Sassetti, 2003) , and thus supposed to have a pivotal role in bacterial viability and pathogenesis (McLean et al., 2006) . CYP125A16 and CYP125A17, which exhibit 72% identity to each other and have 64 and 65% homology to CYP125A14P of R. sp. RHA1, do not share such a conserved genome context with posttranscriptional regulator. CYP255A3 and CYP255A4 from N. farcinica show 78 and 84% identity to CYP255A1 and CYP255A2 of Rhodococcus sp. RHA1, respectively. CYP255A3 and CYP255A4 lie in the conserved divergently transcribed gene pairs (DT-pairs) (Korbel et al., 2004) with the transcriptional regulator of AraC family, and both adjacent to a putative phenol hydroxylase downstream. This module is also found encompassing CYP255A2 of Rhodococcus sp. RHA1. Upstream of the benABCDK gene cluster of Rhodococcus sp. RHA1 genome, such a region consists of AraC family transcriptional regulator and CYP255A1 DT-pairs is also found, however, a cytochrome P450 reductase instead of phenol hydroxylase follows CYP255A1. As the regulator in DT-pairs is implicated in controlling the divergently transcribed gene (Korbel et al., 2004) , CYP255A3 and CYP255A4 is supposed to be regulated by the AraC transcriptional regulator and involved in the phenol degradation. The striking example is that the conserved AraC transcriptional regulator and P450 DT-pairs which is found in M. tuberculosis H37Rv clustered with CYP132A1 is supposed to be involved in P450 regulation (Reyrat et al., 2003) . The AraC transcriptional regulators, primarily transcriptional activators, are supposed to regulate diverse bacterial functions including sugar catabolism, responses to stress, and virulence (Martin and Rosner, 2001) . Another P450 in N. farcinica appears to have the bidirectionally transcribed P450 and transcriptional regulator gene pairs is Nfa34990, which was suggested to belong to a new family. The transcriptional regulator was an IclR family member, which has the Helix-turnhelix motif at the N-terminus which is similar to that of AraC type. CYP256A2 from N. farcinica shows 75% identity to CYP256A1 from Rhodococcus sp. RHA1 ( Bradyrhizobium japonicum and other rhizobia were considered to be unique and hypothesized to be intracellular O 2 carriers involved in an efficient pathway of electron transport (Tully et al., 1998) , the function of CYP193B1 and CYP193C1 in N. farcinica is open to much conjecture. Recent studies have revealed that N. farcinica CYP193B1 and CYP 256A2 were responsible for the hydroxylation of the A-ring of daidzein (Choi et al., 2009) . CYP186A3 shows 65 and 56% identity to CYP186A1 and CYP186A2 from M. smegmatis str. MC2 155 and Mycobacterium sp. JLS. N. farcinica CYP186A3 resides at the end of a putative operon involved in phenol hydroxylation. Three N. farcinica CYPs (nfa56380, nfa34990 and nfa33510) were not designated to the existing CYP families according to the criteria mentioned above, and thus suggested to form new families. Nfa34990 shows 38% identity to CYP159A1 from S. coelicolor A3(2); nfa33510 shows 33% identity to CYP279A5 from M. smegmatis str. MC2 155; nfa56380 shows 37% identity to CYP110E5 from Gloeobacter violaceus PCC 7421, and shows 48% identity to the deduced P450 (YP_640103.1) from Mycobacterium sp. MCS.
Sequence analysis of N. farcinica revealed that a large number of CYPs belongs to CYP156A subfamilies (5 copies). In addition, three CYPs are designated into CYP154 family as well as one in CYP157 family. CYPs belonging to these three families are frequently found downstream the unique conserved operons (conservon, cvn) among Streptomyces (Bentley et al., 2002; Komatsu et al., 2006) . Among the seven putative conservons in N. farcinica, only one conservon is clustered with CYP downstream named CYP157A5 and CYP154C3 (Figure 2) . Such a conservon is quite similar to that of cvn10 clustered with CYP157A1 and CYP154C1 in S. coelicolor A3(2) and that clustered with CYP157A2 and CYP154C2 in S. avermitilis.
In conclusion, 27 cytochrome P450s were identified in N. farcinica IFM 10152 genome. Some CYPs clustered with ferredoxins or ferredoxin reductase while others clustered with regulatory genes. This indicates that CYPs may play various roles in N. farcinica such as involvement in the catabolism of secondary metabolites, and meanwhile, having the compound-degrading ability. Phylogenetic analysis among CYPs from the related stains (N. farcinica IFM 10152, S. coelicolor A3(2) and M. tuberculosis H37Rv) revealed the evolutionary history of these CYPs. These data will probably contribute towards further comparative analyses of CYPs in Actinomycetes, which will shed further light on the detection of the underlying CYP functions.
